This study examined the color changes of packaged beef due to the effects of carbon monoxide exposure before vacuum packing and storage time, as well as consumers' evaluations of that beef. In the experiment, 400 striploin steaks (M. longissimus dorsi) were vacuum packed or after 48 hours of exposure to different concentrations of CD (0.1%, 0.3%, and 0.5%) vacuum packed. The color measurements and consumer evaluations were conducted after 7, 10, 14, 17, and 21 days of storage in the dark at 2 ± 1 °C. Consumers evaluated the color, surface discoloration, attractiveness, and their willingness to buy the meat. The results showed that regardless of storage time, the color parameters (L*, a*, b*, C*) were significantly higher for the steaks vacuum packed after exposure to carbon monoxide in comparison to those packaged in a vacuum without the use of CD. Based on the consumer evaluations, the most attractive steaks were those that had been exposed to 0.3% and 0.5% CD, which were characterized by bright red or cherry-red colors. Consumers did not accept the appearance of steaks packaged without the carbon monoxide pretreatment. Exposing meat to CD before packaging allows to obtain the attractive color of vacuum packed beef.
Introduction
The appearance of meat, especially its color, is one of the main factors in a consumer's purchasing decision. The color most desired by consumers is associated with freshness and is light red for beef (Mistura & Colli, 2009; Zakrys-Waliwander et al., 2011; Dlivera et al., 2013) . Therefore, in addition to preserving freshness and quality, the packaging should also provide for the stability of the meat color Mancini et al., 2009; Troy & Kerry, 2010; Kameník et al., 2014; Zhou et al., 2014) .
In industry, the most popular forms of packing are vacuum packaging and modified atmosphere packaging (MAP) (Behrends et al., 2003; Cayuela et al., 2004) . In MAP, bright-red oxymyoglobin is formed on the beef surface due to the presence of oxygen. Consumers have accepted this meat color in the package for up to 14 days of storage. Unfortunately, MAP has several disadvantages, including the large size of the package, rapid oxidation of lipids, development of an off-flavor, and premature browning during cooking. In contrast, vacuum packaging, with its lack of oxygen, allows microbiological quality to be maintained longer and prevents or minimizes the lipid oxidation process. In addition, relative to MAP, vacuum packaging takes up much less space. But consumers do not accept the appearance of vacuum-packed meat, because the anaerobic conditions favor the reduction of myoglobin to dark-purple deoxymyoglobin. This is the primary reason why retail does not use this packaging method for small portions of fresh meat (Mano et al., 2002; Cayuela et al., 2004; Marches et al., 2006; Cornforth & Hunt, 2008; Šcetar et al., 2010) .
Under anaerobic conditions, it is possible to obtain the meat color preferred by consumers by the use of low concentrations of carbon monoxide. This gas, in connection with myoglobin, forms a stable cherry-red carboxymyoglobin complex (El-Badawi et al., 1964) . In the US, the use of 0.4% CD in modified atmosphere packaging was approved by the US FDA (2002, 2004) and has also been Generally Recognized as Safe (GRAS) (Jeong & Claus, 2011) . The European Scientific Committee on Food considered the use of 0.5% carbon monoxide during modified atmosphere packaging to be non-threatening to human health (EC, 2001 ).
There are currently no studies on how exposure to low-concentration carbon monoxide impacts the color of vacuum-packed bovine meat, particularly at 0.1% concentrations. Therefore, the aim of this study was to determine the effect of exposing meat (beef longissimus dorsi) to different concentrations of carbon monoxide (0.1%, 0.3%, and 0.5%) prior to vacuum packing with regard to its color stability and time in storage (7, 10, 14, 17 , and 21 days) at 2 ± 1 °C. Dur objective was also to determine consumers' opinions regarding the color and attractiveness of vacuum-packed meat that had been exposed to low carbon monoxide concentrations and stored for up to 21 days, and their willingness to buy it.
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Sample preparation
Research material was obtained from 10 animals (5 heifers and 5 bulls), a Holstein × Limousin crossbreed, aged 20-22 months. For the experiment 20 striploin muscles (M. longissimus dorsi) were cut three days postmortem. Twenty 2.54-cm thick steaks were cut from each striploin muscle. These were then packaged under different packing conditions (Table 1 ) and stored at 2 °C for up to 21 days. All measurements were conducted after 7, 10, 14, 17, and 21 days of storage.
The following equipment and conditions were used for the MAP packaging: Semi-automatic tray-sealer (SEALPAC M3, Sealpac International, Harderwijk, Nederland) 
pH measurements
The pH of the samples was measured using a portable pH-meter (Testo 205, Testo Ltd, Alton, Hampshire, UK) (calibrated in pH 4.01 and 7.00 buffers) with the probe inserted into the center of the meat samples. The measurements were made in triplicate.
Color measurements
Immediately after opening the package, the surface color of the raw steaks was evaluated using the CIELab color parameters L* (lightness), a* (redness), and b* (yellowness) using a portable colorimeter (Minolta CR-400, Dsaka, Japan) that had been standardized with a white standard plate. The following settings were used: 8-mm measuring area, illuminant D65, and a 2° standard observer angle. Ten readings were made for each sample. The CIE L*, a*, b* values were used to calculate the chroma [C* = (a* + b*) 1/2 ] for each sample. The color differences between the vacuum-packed and carbon monoxide-treated samples due to the effects of the carbon monoxide were calculated for the various storage times using the following formula (Seydim et al., 2006) :
where L* VAC , a* VAC , and b* VAC are the color parameter values of the vacuum-packed meat and L*, a*, and b* are the color parameter values of the carbon monoxide-treated meat.
Visual color evaluation
The consumer test was attended by 150 people, and 15 panelists evaluated each steak. Images of the steaks were used for this consumer evaluation. This made it possible to avoid the impact of color changes due to blooming during the consumer assessment. The photographs were made immediately after opening the package using a Micropublisher 5.0 real-time viewing camera (QImaging, Surrey, BC, Canada) and Dulux L 36W/954 fluorescent lamps (Dsram, München, Germany). Two hundred (4 package treatments × 5 storage times × 10 animals) images of the beef steaks were made. The consumers were asked to evaluate the meat color, surface discoloration, attractiveness, and their willingness to buy the meat using the following point scales:
• Color evaluated from 1 to 6, where 1 = pinkish red, 2 = bright red, 3 = cherry red, 4 = dark red/purple, 5 = reddish tan/reddish brown, and 6 = tan/brown/gray (Hunt et al., 2004; De Santos et al., 2007; Suman et al., 2009; Rogers et al., 2014 , with modifications)
• Surface discoloration evaluated from 1 to 5, where discoloration was rated as 1, not visible; 2, slight (up to 10%); 3, small (11-20%); 4, moderate (21-60%); or 5, severe (61-100%) (Martínez et al., 2005; Rogers et al., 2014) • Attractiveness evaluated from 1 to 5, where 1 = very unattractive, 2 = unattractive, 3 = moderately attractive, 4 = attractive, and 5 = very attractive , with modifications)
• Willingness to buy evaluated from 1 to 5, where 1 = definitely not buy, 2 = prefer not to buy, 3 = perhaps buy, 4 = buy, and 5 = definitely buy Rogers et al., 2014 , with modifications).
Statistical analysis
The impact of the packaging and storage time on the physical parameters and consumer evaluation was determined using a two-way analysis of variance. Tests were conducted separately for each animal sex at significance levels of 0.05, 0.01, and 0.001. The relationships between the variables were determined by Pearson correlations. The Pearson-correlation coefficient (r) was calculated at a significance level of p < 0.05. All statistical analyses were performed using Statistica 10 (StatSoft, Tulsa, DK, USA). 3 Results and discussion
pH
The results of the pH determination indicated that there was no significant effect of the animal's sex on the pH value (p > 0.05; Table 2 ). The general effects of storage time on the pH values were observed for both sexes, with a slow decrease in pH during storage being noted. Sakala et al. (2002) also reported a pH decrease for vacuum-packed beef, from pH 5.62 to pH 5.12. These authors attributed the changes to the metabolism of lactic acid bacteria, which produce lactic acid. Kameník et al. (2014) and Hur et al. (2013) have respectively reported that the pH of stored vacuum-packed meat was stable for 21 and 35 days. These authors also observed a decrease in the pH of meat packed in a modified atmosphere, which was explained by the absorption of CD 2 . The decrease in pH of the meat in our study could have been caused by both the activity of lactic acid bacteria and CD 2 absorption (packing with exposure to carbon monoxide). Another reason for the decline in pH could be an intracellular pH decrease due to postmortem anaerobic glycolysis (Laville et al., 2009 ).
Color parameters
The packing method, storage time, and their interactions significantly affected all of the measured color parameters ( Table 2 ). The brightness (L*) of the steaks was higher for those exposed to carbon monoxide than it was for those that were vacuum packed. This parameter also increased with exposure to higher concentrations of carbon monoxide before packaging. A general increase in the brightness of the steaks during storage time was also observed. These results are in agreement with those of Mancini et al. (2009) , who reported an increase in the brightness of beef longissimus dorsi and psoas major steaks packaged in a vacuum and 0.4% CD MAP stored from 5 to 9 days. Kameník et al. (2014) similarly reported an increase in the L* value for a vacuum-packaged beef, from 33.6 (day 7) to 36.5 (day 35).
The use of carbon monoxide before vacuum packaging causing a significant increase in the redness of the examined steaks (p < 0.001; Table 2), with higher concentrations of carbon monoxide redness of the steaks increased. The differences in the a* values of meat packaged after exposure to 0.1% CD and 0.3% CD were noticeable after 14 days of storage. In addition, there was a significant decrease in the steaks' redness (a*) over time in storage (p < 0.001). Jayasingh et al. (2001) have also studied the effects of exposing meat to carbon monoxide before vacuum packing (5% CD for 24 h and 100% CD for 1 h), and they reported an increase in the beef 's redness with increasing concentrations of carbon monoxide exposure and a decrease in redness over time. Similarly Luño et al. (2000) noted this increase in the a* values with increasing concentrations of carbon monoxide (from 0.1 to 1%) in MAP. In another experiment, the use of 0.4% carbon monoxide in MAP had a positive effect -increasing the meat's redness compared to vacuum-packaged meat (Jeong & Claus, 2011) . The high a* values for the steak surfaces in that packaging were maintained for 21 storage days. The increase in redness of meat packaged with carbon monoxide results from the formation of light red carboxymyoglobin on its surface.
In our study, there was also a significant increase in the C* parameter with increasing concentrations of carbon monoxide (0-0.5%; p < 0.001). The chroma values changed during storage (Table 2) , which agrees with the results of a report by Jeong & Claus (2010) . In their experiment, steaks packaged in a modified atmosphere with 0.4% carbon monoxide had higher C* values than did PVC-overwrapped steaks. The authors also observed an increase for this parameter over time during storage.
As previously mentioned, a major factor in the evaluation of meat is its appearance, in particular, its color. The ΔE was calculated to quantify the changes in color due to the use of carbon monoxide prior to vacuum packaging. This parameter was used to determine the difference in color between meat packaged in a traditional vacuum and meat packaged in a vacuum after exposure to carbon monoxide. The following scale for the ΔE values was used: 0-0.5, not noticeable; 0.5-1.5, slightly noticeable; 1.5-3.0, noticeable; 3.0-6.0, very visible; and >6.0 (extremely visible) (Cserhalmi et al., 2006) .
The ΔE values are shown in Figure 1 and Figure 2 . The sex of the animal, the storage time, and the type of packaging significantly influenced the value of this parameter (p < 0.05). The biggest differences in color were observed after 7 days of ; XX -heifer, XY -bull, SE -standard error, significant level: * p < 0.05, ** p < 0.01, *** p < 0.001.
storage, being either very or extremely visible according to the assessment scale described above. The difference in color decreased significantly over time, but nevertheless, even after 21 days of storage, these differences were visible or noticeable. The carbon monoxide level used prior to vacuum packing also affected the ΔE value, regardless of the storage time. Increases in the carbon monoxide concentration in the gas mixtures used for the CD exposure caused larger differences in the steak color. The meat from the heifers appeared more likely to be susceptible to the carbon monoxide treatment than the meat from the bulls, because it reached higher ΔE values in the first two weeks of storage.
This data confirms that exposing meat to carbon monoxide before vacuum packaging allows for a visible improvement in the color in comparison to traditional vacuum packaging. In addition, we found that even the samples treated with only 0.1% CD reached ΔE values higher than 1.5, which are classified as visible changes.
Consumer assessment
The mean scores for the consumer evaluation of the vacuum-packed steaks are shown in Table 3 . There was no significant effect of animal sex on the consumer assessment (p > 0.05). Instead, the consumer evaluations depended significantly on the type of packaging and the storage time (p < 0.001). The color of the meat packaged in a vacuum without exposure to carbon monoxide was evaluated as purple. This is because purple deoxymyoglobin is formed on the surface of meat when it is in a vacuum under anaerobic conditions, which is the main drawback of this packaging (Cornforth & Hunt, 2008) . The use of carbon monoxide significantly improved the color assessment of the vacuum-packaged meat (p < 0.001).
Carbon monoxide causes a stable cherry-red carboxymyoglobin complex to form on the surface of meat (El-Badawi et al., 1964) . The vacuum-packaged meat with the lowest CD exposure during the primary packaging was a purple-red, whereas those treated with 0.3% and 0.5% of carbon monoxide were red or cherry-red, respectively. The color evaluation also changed with increasing storage time (p < 0.001), and the consumers noticed a significant deterioration of the color over time. This could indicate an increase in the share of deoxymyoglobin on the sample surface and a partial disintegration of the carboxymyoglobin during storage.
In addition, the consumers noticed a significant increase in surface discoloration (10-20%) over time, which was greatest for the vacuum-packed meat stored for 17 and 21 days. Exposing the meat to carbon monoxide before vacuum packaging significantly prevented the discoloration of the meat surface during storage. Sen et al. (2014) reported a higher degree of discoloration (>60%) for vacuum-packed beef after 9 days of refrigerated storage.
It is worth noting that consumers considered the steaks packaged in a vacuum to be unattractive, and they had no desire to purchase those samples (Table 3) . Increasing the carbon monoxide concentration significantly improved the meat's attractiveness and the consumers' willingness to buy it. The results of our study also showed that the visual scores for these characteristics decreased significantly with increasing storage time.
Exposing meat to carbon monoxide before vacuum packaging significantly improved its consumer evaluation. Studies by Sørheim et al. (1999) also noted that meat packed using carbon 0% CD -vacuum packing; 0.1% CD -vacuum packing after 48 hours exposure to 0.1% CD, 30% CD 2 , 69.9% N 2 ; 0.3% CD -vacuum packing after 48 hours exposure to 0.3% CD, 30% CD 2 , 69.7% N 2 ; 0.5% CD -vacuum packing after 48 hours exposure to 0.5% CD, 30% CD 2 , 69.5% N 2 ; XX -heifer, XY -bull, SE -standard error, significant level: * p < 0.05, ** p < 0.01, *** p < 0.001; n=15; for color evaluation: 1 -pinkish red, 2 -bright red, 3 -cherry red, 4 -purple red/dark red, 5 -reddish tan/ reddish brown, 6 -tan/brown/gray; for surface discoloration: 1 -no visible, 2 -slight (up to 10%), 3 -small (11-20%), 4 -moderately (21-60%), 5 -severe (61-100%); for attractiveness: 1 -very unattractive, 2 -rather unattractive, 3 -moderately attractive, 4 -attractive, 5 -very attractive; for willingness to buy: 1 -definitely not buy, 2 -rather not buy, 3 -perhaps buy, 4 -buy, 5 definitely buy.
monoxide was preferred more by consumers than meat that was vacuum packaged. Analyzing the results of the consumer assessment, it can be seen that the most attractive meat colors were bright red and cherry red. Similar meat color preferences have been shown for consumers in the Unated States and Germany (Killinger et al., 2004; Grebitus et al., 2013) .
Relationship between the instrumental parameters and consumer assessment
The results of this experiment indicate a certain correlation between the physical parameters of the meat and the consumer evaluation scores (Table 4) . For striploin muscle, there was no noticeable correlation between the brightness and the consumers' evaluations of the beef. Even though it has been claimed that the color of meat is most dependent on a* parameter (Dlivera et al., 2013; Sen et al., 2014) , in our experiment a strong negative correlation was observed between the a* and b* values and the consumer color evaluations (r > 0.7 at significance level of 0.05). This suggests that yellowness is as important as redness in the consumer assessment. As the values of these parameters increased, the color assessment decreased, which, according to the adopted scale, means that the meat was considered more red. A strong correlation was also noted between the a* and b* values and the meat's attractiveness and the consumers' willingness to buy it. The consumers preferred the meat with the higher color parameter values. These results confirm that meat color significantly affects purchasing decisions, which is consistent with Carpenter et al. 's (2001) results. Similarly, a study by Rogers et al. (2014) found that a better color assessment was obtained for steaks packaged using 0.4% CD-MAP than for those vacuum-packaged with 80% D 2 -MAP. Consumers also declared their greatest purchasing intent for the steaks packaged with carbon monoxide. Many previous studies on the factors affecting consumers' assessments of pork (Ngapo et al., 2004 (Ngapo et al., , 2007 Fortomaris et al., 2006) have indicated that color (light and dark red were most desired) was the most important factor determining a consumer's decision to purchase pork meat.
Conclusion
The use of low carbon monoxide concentrations before vacuum packaging of beef has a positive effect and improves its color parameters. The red color of the steaks that were vacuum-packaged after prior exposure to carbon monoxide was maintained for up to 21 days of storage. Exposing the meat surface to carbon monoxide increased its attractiveness and the consumers' desire to buy vacuum-packaged meat.
The results of this study suggest that prior treatment with carbon monoxide would allow vacuum packaging to be used in retail for small portions of raw beef, making it possible to reduce the size of the packages. At the same time, it provides a considerable improvement in the color and attractiveness of the meat. 
